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Abstract 
Laser Shock Peening (LSP) is adopted to induce compressive residual stresses on to the surface of austenitic stainless steels (SS) 
304 and 316L(N). The SS plates were subjected to LSP using different laser energies in the direct X-ray diffraction studies have 
been performed on the laser treated samples in order to understand the variations in precise lattice parameter and also to 
understand the strain induced in these materials. In this paper correlations has been made between laser energies applied, 
resultant microstructural features and induced residual stresses for the above mentioned structural materials for fusion reactor 
vessels. 
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1. Introduction 
Laser Shock Peening/Processing (LSP) is one of the advanced surface treatment techniques to 
harden/strengthen the surface by inducing compressive residual stresses thereby improving the resistance to fatigue 
and stress corrosion of critical engineering structural components [1]. In LSP two modes are used, known as direct 
ablation (DA-LSP) and confinement mode [2]. In the DA-LSP mode, the sample surface is ablated launching a 
shock wave into the material due to momentum conservation. While in the confinement mode a sacrificial layer 
coated on the surface of the material gets ablated, confines the plasma and the shock wave will be propagating 
through the material modifying the stress states prevailing in the parent material [3]. 
© 2014 Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND license 
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SS304 and SS316L(N) are used as structural materials in building fast breeder reactors and they are of FCC 
crystal structure containing austenitic phase.[4]. These austenitic stainless steels are ternary Fe-Cr-Ni alloys with 
excellent corrosion resistance. [5]. To improve the mechanical properties of these important materials such as 
hardness as well as the fatigue properties one has to modify the surface properties without losing its original bulk 
properties [6]. In order to improve the surface properties laser shock peening is one of the best surface improvement 
techniques among all other techniques viz., water jet peening, sand blasting, shot peening etc. [7, 8]. In the earlier 
studies majority of the investigations were dedicated to the quantification of residual stresses only whereas the 
associated microstructural changes have not received any attention. Therefore, in the current investigation, we 
present the detailed microstructural features, obtained using optical microscopy, scanning electron microscopy and 
transmission electron microscopy, and induced residual stresses on surface of SS304 and SS316L(N) induced 
through direct ablation mode of LSP. 
2. Experimental Details 
Commercially available SS304 and SS316L(N) procured from M/s Mishra Dhatu Nigam Ltd (MIDHANI), 
Hyderabad, India were used in the study. The as received materials are hot rolled and annealed at 11000C. From 
these plates of dimensions 25 mm ×25 mm of different thickness viz., 2 mm, 3 mm and 6 mm were extracted 
through Electric Discharge Machining (EDM). The sample surface was polished through different graded emery 
papers to attain a surface finish of 0.4 ȝm. Second harmonic of Nd: YAG laser (532 nm, 7 ns, 10 Hz) is used for 
LSP in direct ablation mode. The energy was varied between 30 mJ and 90 mJ with a step size of 30 mJ.  The 
schematic of the experimental setup is shown in Fig.1. The samples were raster scanned to ensure that a fresh 
surface is exposed to laser pulses. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
  
 
 
 
Fig.1: Experimental setup used for laser shock peening in direct ablation mode. 
The material characterization before and after LSP was done using different techniques as explained below. 
The microstructures were observed before and after peening using Optical Microscopy (OM) and Scanning Electron 
Microscopy (SEM). To observe the microstructure before peening, SS304 samples were etched with Aquaregia 
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(1:3:: HNO3:HCl) for about 20 sec. and SS316L(N) samples were electrolytically etched with 50% to 60% HNO3 in 
water (i.e., 50/60 ml water and 50/40 ml HNO3) at 1.1 V DC for about 120 sec. The etched specimens were 
examined initially under optical microscope (OLYMPUS-GX 51). In order to observe the further microstructural 
features at finer scales.  SEM (HITACHI S-3400N) was employed.  
The X-Ray diffraction (XRD) has been performed using BRUKER D8 ADVANCE (CuKĮ line Ȝ§1.54Å) 
with 2ș ranging from 200-1100 with a step size of 0.010 for all the treated and untreated samples. The hardness 
measurements were done on laser treated and untreated SS304 samples using Vickers micro hardness tester. For 
SS304, samples of 6 mm thick were tested with a 500 gm load and a dwell time of 10 sec. Averages of 15 
indentation measurements were done on each sample to obtain meaningful and representative value for a given 
sample. For the laser treated samples the hardness was taken on the mid radius of the craters formed. 
The residual stresses were measured using sin2ȥ method, using Mn-KĮ tube with an exposure time of 10 
sec., X-Ray voltage of 25 keV, X-ray current of 6-7 mA and Ȥ oscillation of ±3°. Eight numbers of inclinations were 
used from -400 to +400 to as 0°, 21°, 35°& 40° on each side to estimate the residual stresses.  
Transmission Electron Microscopic (TEM) studies were performed on the SS316L(N) sample before and 
after peening  (treated with an energy of 30 mJ) using Tecnai FEI G2 S-Twin instrument with an applied voltage of 
200 keV.  For TEM studies, initially samples of about 300 ȝm – 500 ȝm were extracted through EDM wire cut from 
the peened side. Subsequently the samples were punched to 3 mm discs using GATAN disc punching machine. The 
samples thus extracted were further thinned up to 100 ȝm using disc grinder. The thinned samples were 
electrolytically thinned at the centre to obtain a electron-transparent thin layer using twin jet polishing machine 
(STRUERS-Tenupol-5). The electrolyte used was 1:8 (Vol%) of HClO4 : Methanol with a flow rate of 30 ml/sec, 
maintaining the voltage at 20V and temperature of the electrolyte was maintained at -300C using dry ice as coolant.  
3. Results and Discussion 
3.1 Microstructural  Details 
The microstructures of SS304 and SS316L(N) etched specimens  are  shown in Fig.2. From these SEM 
micrographs, it is clearly evident that the annealed twins are present in the matrix.  The average grain size of the 
alloy is found to be 20 ȝm for SS304 and 30 ȝm for SS316L(N) measured using liner intercept method.  Fig.3 shows 
the optical micrographs after peening. 
 
Fig. 2: Scanning Electron Micrographs of (a) SS304 and (b) SS316L(N) before peening. 
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Fig. 3: Optical Micrographs of peene
 
3.2 X-Ray Diffraction Results 
The X-Ray diffraction is performed o
and the corresponding X-ray diffractograms are
parameters have been calculated using the Nels
function   on X-axis and the v
were obtained by linear extrapolation. Fig 4(b) 
4 (a) and confirms that the micro strain is ind
material is in the austenite phase as the laser en
Fig.4: (a) X-Ray Diffraction of laser treated 
parameters of SS304 and SS316L(N) with laser
 
3.3  Vickers Microhardness Results 
The variation of hardness with the la
SS304 the Vickers hardness has not varied mu
SS316L(N) a decrease of 40VHN (Vickers Ha
depth this variation might be occurred on measu
 
d samples (a) SS304 at 30 mJ and (b) SS316L(N) at 60 m
n the peened as well as un-peened SS304 and SS316L
 shown in Fig. 4 (a). From the X-ray diffraction data, pr
on-Riley extrapolation function.  Taking Nelson-Riley e
ariation in lattice parameter for each (hkl) on Y-axis pr
shows the lattice parameters obtained from the data prese
uced in the lattice. From the peaks of XRD it is confirm
ergy is less than 0.1 J. 
and untreated SS316L(N) samples. (b) Variation of Pr
 energy. (Lines are guide to the eye) 
ser energy is shown in Fig. 5 both for SS304 and SS3
ch with laser energy and can be taken as nearly consta
rdness Number) is observed. Since the craters are in th
ring the diagonals D1 and D2 the size of the indentation.
J. 
(N) samples 
ecise lattice 
xtrapolation 
ecise values 
nted in Fig. 
ed that the 
 
ecise lattice 
16L(N). For 
nt while for 
e tapered in 
31 Pardhu Yella et al. /  Procedia Engineering  86 ( 2014 )  27 – 33 
 
Fig.5: Variation of Vickers microhardness with laser energy. (Lines are guide to the eye). 
Residual stresses 
The residual stresses were calculated using Mn KĮ source and the results for the entire laser treated and 
untreated samples were shown in Fig.6. From the figure it is clear that for the unpeened samples are having 
compressive residual stresses whereas for all the laser peened samples tensile residual stresses were formed as 
expected in the DA-LSP. Since the plasma directly interacts with the surface thereby creating craters on the surface 
and thus the yield strength of the material on the surface is changed. This change in yield strength is equivalent to 
cold working of the material on the surface. This attributes the higher residual stresses than the yield point of the 
material when peened. But for the same peened samples of SS316L(N) we observed the compressive residual 
stresses in depth after removing a layer of 500ȝm on the surface using electro polishing. These electro polished 
samples shows the compressive residual stresses is due to the fact that residual stresses within the sample were 
conserved. The observations of DA-LSP indicate that these materials have a capability to retain the residual stress 
deep below the surface and that higher compressive stress can be induced by confined mode of LSP.  
 
Fig.6: Variation of residual stresses with laser energy in SS304 and SS316L(N). (Lines are guide to the eye) 
3.4 TEM Results 
The TEM micrographs were taken before and after peening of 6 mm thick SS316L(N) specimen which was 
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treated with 30 mJ. The samples were extracted from the peened side and the obtained TEM microstructures are 
shown in Fig. 7. 
 
Fig. 7: Transmission Electron Micrographs of SS316L(N) sample (a) before peening and (b) after peening.  
It can be clearly seen that the dislocation density has increased after peening. From the microstructures 
(Fig. 7) it is clear that the dislocation density has been increased when compared to the dislocation density present in 
the untreated sample. These high dislocation densities are due to the induced stresses during shock waves interacting 
with the surface of the specimen. As it is clearly documented, the dislocations are the chief carriers of plastic 
deformation in traditional conventional coarse grained structural engineering materials. In the present investigation, 
using the direct ablation mode, the obtained residual stresses are tensile in nature as reported in ref. [8], however the 
detailed and associated microstructural features are not presented in ref. [8]. Moreover, the uniqueness of this work 
is that the laser treatment was given using direct ablation mode and this is the first ever experimental report on direct 
ablation laser treatment of stainless steels. As is evidenced in the current case, the enhanced dislocation density (as 
shown in Fig. 7) is expected to result in improved mechanical properties. However it is to be noted that, the detailed 
explanations for the observed properties in the current investigation are beyond the scope of this paper and will be 
part of our future publications.  
4.  Summary and Future Scope 
Laser shock peening in direct ablation mode was employed to change the surface characteristics of SS304 
and SS316L(N) plates. Structural details are obtained using a combination of characterization techniques that 
include optical microscopy, scanning electron microscopy, transmission electron microscopy and X-ray diffraction. 
The microstructures of samples were modified after laser shock peening and the crater sizes were measured to 
understand the laser energy coupling to the specimens. Though tensile residual stresses were observed as expected 
on the sample surface for the peened samples but up to a depth of 0.5 mm the compressive nature is intact. This is 
expected in the direct ablation mode which confirms the tensile stresses on the surface due to ablation. The extracted 
precise lattice parameters, from XRD indicate that the micro strain is induced in the sample. From TEM studies it is 
very clear that the dislocation density has increased due to peening.  
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